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AB STRAC T

!

The temperature-composition (solubility) curve for the phase boundary

separating the single-phase region UO2_ x(s) and the two-phase region U

(liquid) + UO 2 (s) was studied by high temperature thermal analysis, and the

effects of varying concentrations of the additives Y203 , CaO, ThO 2. and

CeO 2 on this phase boundary were determined.

It was found that:

1. The solubility of U(liquid) in UO 2 in the unstabilized U-O

binary system in the range of UO1.52 to UO2.06 (as determined

in the program) is in reasonable agreement with the results of

other workers obtained by equilibration techniques; and

2. The precipitation of uranium from urania is unaffected by the

presence of 15 mole percent CaO or 10 mole percent Y203,

ThO Z, or CeO 2 insofar as thermal analysis can detect.

Some additional information is given on liquidus temperatures, on

monotectic temperatures, and on the point of maxilnun_ solubility of

uranium in urania.
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SU MMAR Y

A phase diagram study using thermal analysis techniques in an inert

atmosphere has been carried out with the following objectives:

I. Investigation of U-UO 2 diagram in the region defined by an O/U

ratio ranging from 1.5 to 2. I and temperatures ranging from

about 1000°Cto 2550°C with special emphasis on the location of

the phase boundary between the single-phase region UO2_ x (solid)

and the two-phase region U(liquid) + UO 2 (so]id). This boundary

represents the limit of solubility of uranium metal in urania as

a function of temperature.

2. Determination of the effects of the oxides CaO, Y203 _ ThOz, and

CeO 2 at varying concentrations on this phase boundary.

The results of the thermal analysis measurements on the U-UO 2

system have been compared with data obtained by other workers who used

equilibration techniques. The equilibration data generally fall on the high

O/U side of the most probable location of the solubility curve based on

thermal analysis data. The liquidus data determined in the present program

are I00 ° to 200°C higher than the results of other investigators.

Within the estimated experimental errors, the temperature at which

uranium segregates from substoichiometric uranium dioxide has been

shown to be unaffected by the presence of the additive oxides at concentra-

tions ranging from 2.5 to i0 mole percent (to 15 mole percent in the case

of CaO}. That is, no significant shift in the phase boundary occurs, There-

fore, the decrease in the amount of precipitated uranium metal observed

in stabilized substoichiometric samples of UO 2 cannot be attributed to a

shift in the location of the phase boundary.

Two additives were volatilized at high temperature from the open

crucibles. Calcia was the most volatile and yttria slightly less so. This

led to scatter in the data where these additives were used. Thoria and

ceria were relatively non-volatile and, from this point of view, appear to be

preferable to CaO or Y203 for stabilization of UO 2 at high temperatures.

The liquidus and monotectic temperatures were depressed by CaO and

Y203 , were not changed by CeO 2, and, possibly, were increased slightly

by ThO 2 .

xi
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I. INTRODUCTION

This document constitutes the final report under National Aeronautics

and Space .Administration Contract NAS 3-6215. The objectives of the study

were to determine, by high-temperature thermal analysis, the hypostoichio-

metric phase boundary of the UO2_ x (solid) phase as a function of temperature

in the range 1000 ° to 2550°C and to determine the effect on this boundary

of the addition of varying amounts of several metal oxides. As a conse-

quence of the redirection of the program toward materials of greater promise

after partial completion of the work, the oxygen/uranium (O/U) ranges of

the additives investigated were different.

The additives,

investigated were:

the amounts thereof, and the O/U ranges finally

Additive Amounts

Additive (mol-%) O/U Ratio

Yttria Z. 5-I0 I. 5-2. 1

Calcia Z. 5- 15 I. 5-Z. 1

Ceria Z. 5-I0 I. 6-2.0

Thoria Z. 5-I0 1.6-2.0

This report describes the experimental work performed, the materials

used in the study, their analysis, and the results obtained. The experimental

results are analyzed and discussed, and conclusions and recommendations

are presented.



1.1. Purpose and Background

Tungsten-UO 2 cermets have been under consideration for use in fuel

elements for the tungsten, water-moderatednuclear rocket. This concept has

been under study by the National Aeronautics and Space Administration

for several years. The operating temperature of these fuel elements is

4500°F (2500°C),in flowing hydrogen.

In closed systems, it has been shown that W and UO 2 are compatible

up to the melting point of UO 2. However, thermal cycling tests (1,2) have

revealed excessive fuel losses. In addition, fuel compacts have been observed

to undergo cracking after high-temperature testing. Among other factors,

such as mismatched thermal expansions between W and the UO 2, high

impurity contents of the UO 2, and microcracks in the W cladding, the

fundamental chemical behavior of UO 2 at high temperatures has been shown

to be partially responsible for these problems. Thus, the reduction of UO Z

to a substoichiometric oxide by H 2 at high temperatures (>2000°C), followed

by the disproportionation of the substoichiometric oxide on cooling to yield

UO2.0 and liquid uranium metal, is responsible for cracking of the cerrnets

or the W cladding. Also, hypostoichiometric UO 2 has been shown to have an

enhanced volatility, resulting in an increased rate of fuel loss (3).

A number of methods have been proposed for decreasing the fuel loss

to tolerable levels and for eliminating the cracking problem. Among these

are the production of UO 2 fuel particles encapsulated with W for incorpora-

tion into the cermet body and the stabilization of UO 2 by solid solution

formation. Encapsulation clearly reduces fuel loss by preventing volatili-

zation. The addition of stabilizing oxides has reduced fuel losses in some

cases (4), but the mechanism is not clear. Finally, three of the proposed

stabilizing additives, CaO, Y203 , and CeO 2, have been shown to reduce the

amount of free U precipitated, while a fourth additive (ThO2) has not.

Although the pragmatic objectives of reducing fuel loss and preventing

cracking of the compacts appear clear, the chemical effects of the stabilizing

oxides in accomplishing these ends are obscure. The research reported

herein has investigated one of the possible mechanisms of stabilization;

i.e., the stabilization of the UO2_ x phase against disproportionation by

solid solution formation. This concept is discussed below.

As noted above, other studies have shown that the amount of U pre-

cipitated from substoichiometric urania can be reduced by the addition of

oxides of varying cationic charge, possibly by valence compensation of the

2



0 deficiency. It was the purpose of this research to determine whether
this stabilization is the result of a shift in the substoichiometric phase
boundary of urania; and if so, to determine the magnitude of the shift as
a function of the additive and its concentration. The problem can also be
stated as a measurement of the solubility of U in urania as a function of
temperature, oxide additive, and additive concentration.



1.2. The U-Urania Phase Diagram

A tentative phase diagram for the U-urania system was published by

Martin and Edwards (5), and more recently was updated by them (6). This

latter version of the phase diagram is reproduced in Fig. l and will be used

as a basis for discussion of the phase behavior of the system throughout

this report.

The principal features of the phase diagram which are of importance

to this study are (6):

I. A wide miscibility gap in which U (liquid) + UO2_ x (solid) coexist

is present below the monotectic temperature.

2. The monotectic liquid (L2) is in equilibrium with UO2_ x at

temperatures above 2470 ° _=25°C.

3. The monotectic liquid has an O/U ratio of 1.3 +0. l and is in

equilibrium with UO 0 0- +0 (liquid) and UO 1 60 ±0.02 (s°lid) at
the monotecti¢ tempel-a_ure" 0 l

4. The hypostoichiometric UO 2 phase becomes less oxygen deficient

with decreasing temperature and approaches UO2.0 at _1000°C.

The studies of the hypostoichiometric boundary by Edwards and

Martin were carried out by equilibrating liquid U in UO 2 crucibles at
O O

temperatures between 1600 and 2470 C and analyzing the growths of

hypostoichiometric UO 2 which formed between the liquid and the crucible.

A similar procedure was followed by Bates and Daniel {7). The hypostoi-

chiometric boundary was also investigated by the General Electric Nuclear

Material and Propulsion Operation (GE-NMPO) by determination of the O/U

ratio of the urania phase in equilibrium with liquid uranium (actually URe2)

annealed in Re capsules at various temperatures (4). ":'_The agreement

between these various sets of data was quite good considering the difficult

experimental conditions. A comparison of these data is shown in Fig. 2.

All of the data presented above were obtained by equilibration techniques

which basically depend on the establishment of equilibrium at elevated tem-

peratures followed by quenching to room temperature. It is assumed that

"These data actually yield the O/U ratio of the oxide phase in equilibrium

with URe 2 at the annealing temperature. These data were then corrected by

studying the vapor pressure of U(gas) over URe 2 (8).
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the quenching process is sufficiently rapid to prevent composition changes

during the cooling process which make the room temperature sample, which

is analyzed, significantly different from the equilibrium sample at elevated

temperatures. In contrast, the research reported herein studied the hypo-

stoichiometric phase boundary of UO2_ x by the dynamic technique of thermal

analysis, which depends on detection of the heat liberated (or absorbed) as

U is precipitated (or dissolved) from the UO2_ x matrix.

It should be noted, however, that study of the boundary by thermal

analysis is likely to be somewhat difficult since the phase change which is

detected is not an isothermal process described by the initial (high tem-

perature) and final (room temperature) species:

X

UO2_x(solid ) = (I -2) UO2.0(solid)+ _-U(solid) 0< x< _0.4 , (I)

or even the species above ll00°C

UO 2 (solid) = (l x x-x - _) UO2.0 (s°lid) + _ U(liquid) 0 < x< ,-., 0.4 . (Z)

The phase change takes place over a range of temperatures depending upon

the O/U ratio of the sample, and the isothermal process can more accurately

be written as:

(2 -x+ 6) x- 6

UO2-x(s°lid)- 2 UO2-x+6 + _ U(liquid, saturated with oxygen)

0< x< ...0.4 , (3)

where 6 is an infinitesimally small number.

From the above discussion and the thermodynamic data discussed

below, it is clear that UO2.0 is unstable with respect to a substoichiometric

oxide at high temperatures in an oxygen-deficient or reducing atmosphere.

In hydrogen, the equilibrium involved is

UO2(solid) + xH2(gas) = UO2_x(solid) + xHzO(gas ) (0 < x < _0.4) (4)

This reaction will proceed to the right until the hypostoichiometric phase

boundary is reached. At this boundary the hypostoichiometric oxide will

be further reduced to liquid uranium metal according to the equation:

UO2_x(solid ) + (2-x) H2(gas) = U(liquid) + (2-x) H20(gas ) (0 < x < N0.4) .

(5)

Combining Eqs. (4) and (5) yields the net reaction taking place:



UOz(solid ) + ZHz{gas ) = U(liquid) + ZHzO(gas)
(6)

The data for this reduction reaction have been given in the literature (9)

and are reproduced with additional calculations to ZS00°C in Table I.

Since these data are for the direct reduction of stoichiometric UO 2, which

is not a stable phase in contact with liquid U at these temperatures, they

are not a quantitative measure of any observable equilibrium pressure.

They show nevertheless that at Z500°C an HzO/H Z ratio of the order of 10 -4

is necessary to prevent the reduction of UO Z by hydrogen.

T able 1

REDUCTION EQUILIBRIA FOR UOz. 0{s)

Temp

(OK)

1500

1800

Z000

ZI00

Z200

2300

2400

2500

2600

2700

Z800

AF °

(kcal/mole)

119.

114.

IIi.

II0.

I09.

107.

I06.

104

103

10Z

i00

8a

5

1

7

3

8

4

0

6

PHzo/PH Z

-9a
Z. lxlO --

-7a
i. Ixl0 --

-7a
7. 7x10 --

I. 8x10 -6

-6
3.8xlO

-6
7. 7x10

-5
I. 4xl0

-5
Z. 6x10

4.5×10

7.4×10

I. ZxI0

-5

-5

-4

aFrom Ref. (9).

It should also be noted from Table l that the calculated pressure ratio

changes with temperature, so that as a sample is cooled from Z500 ° to 1500°C

the water content of the hydrogen must be reduced from _,100 to 0. l ppm to

prevent a change of O/U ratio in the condensed phase. In the region of the

phase diagram where only the single-phase UOz_ x is present, the O/U ratio

of the substoichiometric phase would change toward higher values if the

equilibrium pressure at Z500°C were maintained as the sample cooled.

8
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Below the phase boundary separating the two-phase and single-phase regions,

the liquid U would tend to react with the H20 if the same PH20/PH2 were

maintained. Even if the variation of the partial molar free energy of oxygen

in the substoichiometric UO 2 phase were considered, it is clear from these

data that meaningful thermal analysis results cannot be obtained in a hydrogen

atmosphere, even with a controlled water content, and that it is obviously

impractical to attempt to vary the content of the buffer gas during an

experiment. It was,therefore, necessary to carry out the thermal analyses

in an inert atmosphere to reduce the expected volatilization of UO 2 and in

which oxygen impurity {O 2 + H20 ) was maintained at a low level to prevent

oxidation of the sample.

4



NTIAL

Z. EQUIPMENT

The design and operation of the thermal analysis apparatus and the

performance and calibration of the optical pyrometers is discussed in this

section.

Z.I. Thermal Analysis Apparatus

The design of the thermal analysis apparatus as utilized in other

studies has been described previously (i0). However, since the earlier

work was largely concerned with carbides and graphite a number of modi-

fications were necessary to adapt the system for the study of oxides. The

design and operation of the equipment as utilized in the present study is

discussed below.

The thermal analysis equipment is shown in Figs. 3 and 4. The oxide

sample is placed in a tungsten crucible and is supported on a tungsten

pedestal whose relative position in the inductioncoilcan be closely adjusted

by use of the threaded tungsten support rod. The tungsten crucible is

shielded on the sides by seven turns of 0.002-in. tungsten foil; on the top

by the tungsten lid and six layers of 0.005-in. tungsten foil; and on the

bottom by the crucible support. The tungsten sight tube projects through

the top shielding and is supported on a recessed lip by the crucible lid.

The tube is 0.25 in. o.d. by 0.020-in. wall thickness by 4-in. long, and

was fabricated by chemical vapor deposition. The components and the

crucible assembly are shown in Figs. 5, 6, and 7.

In earlier studies, the metallic shielding was surrounded by inverted

graphite cups to minimize the radiant emission from the metallic shielding.

Since the use of graphite in these studies was precluded by the requirement

of minimal contamination of the system by carbon, an attempt was made

early in this program to utilize inverted UO g crucibles _ as external shield-

ing. These attempts were unsuccessful, however, because of the sensitivity

of these crucibles to the thermal shock imposed on the system by the high

heating and cooling rates. Several crucibles were completely shattered on

the initial heating.

For the reasons outlined above, the outer ceramic shielding was

eliminated and other methods of reducing the effects of radiation emanating

from the metallic parts were investigated. Finally, the placement of an

Several other refractory oxide materials including zirconia, thoria,

and alumina were also tested with similar results.

I0
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Fig .  3--Thermal analysis apparatus (photo) 
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Fig. 5--Components of crucible assembly 
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Fig. 6--Components of crucible assembly 
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Fig.  7--Components of crucible assembly  
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alundum disk on the top turn of the induction coil some three inches above

the crucible was found to be the simplest and most effective means of limit-

ing the radiation falling on the detector. This arrangement is shown

schematically in Fig. 8.

In practice, the oxide sample in the tungsten crucible is heated inside

the vacuum chamber by a 10-kc, 30-kw induction heater. The radiation

emitted by the sample passes through the optical system, composed of a

variable iris diaphragm and a condensing lens, and is focused on the sur-

face of a photoconductive infrared detector. The detector is connected as

one leg of a simple Wheatstone bridge circuit whose output is fed to the Y 1
axis of a two-pen, x-y recorder. In this manner, relative heating and

cooling curves of the sample can be obtained rapidly. The absolute tem-

perature of the sample is determined using a standard brightness pyrometer

in conjunction with the front-surfaced reflecting mirror in the optical path.

Temperature calibration marks based on the brightness pyrometer readings

are scribed on the margin of the chart paper by a pen that is remotely

activated by the operator. A differentiating circuit on the input to the Y l

axis of the recorder generates the time derivative of the thermal analysis

curve, which is fed to the Y2 axis of the recorder and plotted at the same

time as the thermal analysis curve.':" The detailed design, construction,

and operation of the thermal analysis apparatus are discussed by Zanger,

Baldwin, and Kester (ii). With this equipment, heating and cooling curves

from room temperature to 2600°C and back to _-200°C can be obtained in

times of the order of 6 min. The present design has detected solid state

transformations in which the total energy absorbed or released amounts to

about 3 calories in samples weighing about 25 g. It should be emphasized,

however, that the ease with which a transition can be detected is greatly

dependent on the phenomenology of the process. Thus, a polymorphic

transition that Occurs isothermally can be detected quite readily, whereas

a process that involves the precipitation of a quantity of a second phase

over a range of temperatures may not be as readily apparent.

2.2. Temperature Measurement and Pyrometer Performance

In past studies using the thermal analysis apparatus, a standard

brightness pyrometer has been used for measurement of the absolute

temperature. It was planned, under the present contract, to attempt

to utilize a two-color optical pyrometer for plotting the heating and cooling

curves and to obtain absolute temperatures that would not require emittance

corrections. While this attempt was unsuccessful, preliminary experi-

ments with the two-color pyrometer yielded information of great value

Also, differential thermal analysis is possible by utilizing two-holed

crucibles containing the sample and a standard, and a system which con-

tains a mirror and chopper, which alternately focuses the radiation emitted

by the sample and the radiation emitted by the standard on the surface of

the detector.

16
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regarding interpretation of the thermal analysis curves. It was found that

differences in the appearance of the thermal analysis curves obtained using

the different methods of detection aided in associating thermal arrests with

specific features of the phase diagram (this is discussed in Section 2.2.2. ).

A two-color optical pyrometer was loaned to General Atomic by the

National Aeronautics and Space Administration's Lewis Research Center

for use on this contract. It was hoped that the use of this pyrometer would

avoid the problem of the unknown ernittance of UO 2 and simplify the deter-

mination of the absolute temperatures, since brightness matching by an

operator would not be required. The optics of the pyrometer were modi-

fied so that it could be used at the same distance from the sample as the

brightness pyrometer. Unfortunately, unforseen and unavoidable delays

allowed four months of the contract period to pass before these modifications

were complete. Consequently, insufficient time was available to permit

careful comparison and calibration of the two-color pyrometer against the

brightness pyrometer. In view of the contractual requirements of the

contract which required reporting approximately half of the data points by

the end of the initial six months, it was necessary to proceed with the

measurements utilizing the brightness pyrometer for temperature measure

ment. An emittance of unity was assumed in lieu of a proper value for UO 2

under the conditions present in the experiments. The error introduced by

this assumption is considerably smaller than the probable error in the data

resulting from hysteresis and compositional uncertainties.

2.2. I. Brightness Pyrometer Calibration

The micro-optical brightness pyrometer was calibrated using stan-

dard techniques in the calibration section of the General Atomic Standards

Laboratory against a tungsten filament lamp certified by the U.S. National

Bureau of Standards. The calibration was carried out twice during the

contract period.

The temperature measurements were made as described in Section 2.2.

In calculating the true temperature from the observed temperature correc-

tions were applied to the observed pyrometer readings to compensate for

the absorptions of the window and the front surface mirror. A correction

for the pyrometer calibration was also applied. The window correction

curves are given in Figs. A. I through A.4, the mirror correction curve

in Fig. A. 5, and the pyrometer calibration curves in Figs. A. 6 and A.7,

of Appendix A.

In addition to the above corrections, the window was examined at the

end of each experiment to determine whether volatile material had con-

densed on the window during the experiment, thus lowering its transmission.

This calibration was made by reading the temperature of a tungsten filament

18
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with and without the window in the optical path. Deposition of material on

the window was indicated by an absorption above that obtained in the cali-

bration experiment with the clean window.

2.2.2. Appearance of Thermal Analysis Curves Obtained from

Diffe rent Instruments

A number of preliminary experiments were carried out utilizing the

brightness pyrometer and infrared detectors for temperature measurement

and curve plottin_ respectively, and also using the two-color pyrometer both

for temperature measurement and for curve plotting. These experiments

have served to emphasize the difference in response of the two instruments.

The thermal analysis curve (recorded using the lead sulfide infrared

detector) for a UOi.7 sample containing 2.5 mol-% Y203 is shown in Fig. 9.

The curve during heating shows an apparent instantaneous decrease in tem-

perature of the sample at the liquidus temperature. This apparent decrease

is a synthetic effect generated by the detector. Since the emittance of the

liquid is less than the emittance of the solid, the infrared detector sees

the change of emittance as an apparent decrease in the temperature of the

sample. On cooling, the reverse process occurs and the infrared detector

interprets the emittance change accompanying the formation of the first

film of solid on the surface as a large increase in temperature. These

phenomena are clearly evident in Fig. 9.

The curve during heating and cooling obtained for the same sample

using the two-color pyrometer is shown in Fig. 10. The absence of the

instantaneous changes in apparent temperature accompanying the appear-

ance or disappearance of a solid phase that was observed when the infrared

detector was used, emphasizes the relative independence of the two-color

pyrometer from the emittance. The curve resembles the heating and cool-

ing curves usually determined with thermocouples. The change of slope is

indicative of the absorption or liberation of the heat of fusion. The absence

of the instantaneous change indicates that the ratio of the emittance at the

two wave-lengths utilized by the pyrometer (4700 _ and 6400 _) does not

change greatly from the solid to the liquid.

The marked changes of emittance between the Solid and liquid shown

in Fig. 9 also emphasize the advantage to be gained if it had been possible

to utilize the two-color pyrometer for temperature measurements. The

observed rapid variation in emittance shows that the temperatures observed

depend on the measured emittance and that the tungsten sight tube does not

actually constitute a good black-body hole. Thus, temperatures observed

with the brightness pyrometer are subject to emittance corrections. Unfor-

tunately, emittance values for UO 2 under conditions similar to those in the

present experiment were not available. The data in Section 7 are, therefore,
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reported assuming an emittance of unity, which introduces a probable

error of less than _40°C, which is considerably smaller than the error

resulting from hysteresis and the compositional uncertainties.

On the other hand, the sensitivity of the infrared detector to emittance

changes made measurements of the liquidus temperatures possible. Prior

to this study, the probability of the successful measurement of these tem-

peratures had not been considered very good because of the extreme tem-

peratures involved. The emittance changes on formation or disappearance

of a solid phase facilitated these measurements. In some cases, it has

also been possible to determine the solidus temperature. The liquidus

and solidus temperatures are presented in Section 7.2. I.
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3. MATERIALS PURITY

This section discusses the specifications for the materials utilized

in the present program and the results of the chemical analyses required

to establish their quality. The analytical procedures themselves are given

in Appendix B.

The contractual requirements of the present study imposed the follow-

ing restrictions on the materials utilized in this program:

"No single impurity shall be present in any of the materials at

greater than 50 parts per million by weight; however, carbon

contaminants should be less than Z0 parts per million; except

for uranium metal which will be the best purity commercially
available. "

Considerable difficulty was experienced in finding suppliers who could

meet these specifications.

Preliminary chemical analyses at General Atomic indicated that none

of the oxide materials had an acceptably low-carbon content. In addition,

the calcia and yttria contained large sintered particles which analyses

indicated contained the bulk of the metallic impurities. This latter problem

was solved by screening out the material with large particle size in those

materials. It was also shown that the carbon content of all of the oxides

could be reduced to acceptable levels by heating in hydrogen for several

hours; thus, lending support to the theory that the initial high-carbon con-

tents were due to the adsorption of GO Z on the finely divided material. The

final analyses for the oxides are given in Tables 2 through 6.

The uranium metal could not be obtained at a purity level equivalent

to that of the oxides at a reasonable cost. Therefore, the principal impurity

content of the samples was contributed by the uranium metal. Actually,

after cleaning, the uranium bar stock was hydrided, dehydrided, and

rehydrided to convert it to a finely powdered form and to facilitate the addi-

tion of uranium with a fairly well-known oxygen content. The uranium was

therefore analyzed as the hydride and these results are given in Table 7.

The tungsten bar stock from which the crucibles were fabricated

was high-purity material prepared by hydrogen reduction ofWF 6. Some
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Table 2

ANALYTICAL RESULTS: URANIUM DIOXIDE

Element

Ag

A1

As

Au

B

Ba

Bi

Ca

Cd

Co

Cr

Cu

Fe

Ge

Hg

In

K

Li

Mg

Mn

Impurity Content a' b

N<I

N<I

N<40

N<4

N<0.1

N<6

N<I

1

N<0.2

N<2

I

2

l0

N<I

N<8

N<2

N<8

N<I

4

N<I

Element

Mo

Na

Ni

P

Pb

Pd

Impurity Content a' b

N<2

10

N<I

N<50

10

N<4

Rb

Sb

Si

Sn

Sr

Te

Ti

V

Zn

U

o/u

cd

N<2

N<8

N< I

N<I

N<60

N<8

N<60

N< I00

N<8

86.

Z. 17

1Z ± Z ppm

9 ± Z ppm

aIn parts per million by weight except where noted.

bThe following notation system is used:

20 means impurity content is 20 ppm ± 20%;

< 20 means impurity content is < 20 ppm;

N < 20 means not detected with a lower detection

limit of 20 ppm.

CAnnealed in vacuum at 1400°C.

dAnnealed in H 2 at 1400°C.



Table 3

.AN.ALYTIC.AL RESULTS: THORIUM DIOXIDE

Element Impurity Content a' b Element Impurity Content a' b

.Ag

.A1

As

B

Ba

Bi

Ca

Cd

Co

Cr

Cu

Fe

Ge

Hg

In

K

Li

Mg

Mn

N<I

N<I

N<20

N<I

N<I

N<I

N< I00

N<20

N<I

1

< I

I

N<I

N<20

N<I

2

l

1

N<l

Mo

Na

Ni

Pb

Sb

Si

Sn

Sr

Te

Ti

T1

V

Zn

Th

O/Th

c _d

N<I

40

N<I

20

N<8

1

N<I

N<40

N<40

N<40

N<I

N<10

N<40

87.s%

2. 02 • . OZ

24 ± 4 ppm

Z4 + 3 ppm

aIn parts per million by weight except where noted.

--bThe following notation system is used:

20 means impurity content is 20 ppm + 20%;

< 20 means impurity content is < Z0 ppm;

N < 20 means not detected with a lower detection

limit of 20 ppm.

--C.Annealed in vacuum at 1400°C.

d.Annealed in H Z at 1400°C.
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Table 4

ANALYTICAL RESULTS: YTTRIUM OXIDE

l_-I e nlent

Ag

A1

As

A u

B

Ba

Bi

Ca

Cd

Co

Cr

Cu

Fe

Ga

Ge

Hf

H_

In

lr

K

La

L,i

Mg

Mn

Mo

Na

Nb

Ni

P

Pb

Pd

Pt

Rb

Impurity Content _-'12

N<5

N<40

N ": 400

N < 60

N< 10

N<5

N<40

10

N < 200

N < I00

N < 600

N < I {10

N<60

N< 60

N<80

N < 400

N<80

N < 200

N < 400

N < 200

N< 40

N< 40

I 0

N<Z0

N < I OO

N<80

N < 100

N<80

N < t 000

N < 400

N< 100

N<80

N < 200

Element

Rh

R ++

Sb

Sc

Si

Sn

Sr

Ta

T e

T h

Ti

TI

V

W

Z n

aP.

pr

N d

Sn/

Ell

Gd

T b

Dy

Ho

gr

Tm

Yb

l,ll

Ce

Impurity Content --a' b

N < 200

N< 100

N< 100

N< 10

20

N < 100

N < 600

N < 400

N < 600

N< 100

N<40

N < 400

N<40

N < 600

N < 600

N< 10

N<60

N<80

N<40

N<40

N < 1000

N<80

N<60

N < 1000

N<40

N< I00

N<Z0

N<60

N < 100

Y 78.5%

O/Y 1.53 _ 0.02

C c 95

a
--In parts per million by weighl ('x{-{'pl where noh, d

bThe following nolalion syslem is used:

20 means impurity conlenl is 20 ppm * 20%;

< 20 means iDapurity conlenl is _ 20 ppm;

N (" 20 llleans nol detected wilh a lower deteclion

limit of 20 ppm.

CAnnealed in H 2 at 1400°C for 2, hr. Carbon ]evel can

apparently be further lowered by longer annealinbl limes.

.............. ., ...........(:I., 9S4



Table 5

ANALYTICAL RESULTS: CALCIUM OXIDE

Element Impurity Content a' b

Ag

AI

As

Au

B

Ba

Bi

Cd

Co

Cr

Cu

Fe

Ga

Ge

Hf

Hg

In

Ir

K

La

Li

Mg

Mn

Mo

Na

Nb

Ni

P

Pb

Pd

Pt

Rb

N<5

I00

N < 400

N<60

N< I0

N<5

N<40

N < 200

N< 100

N < 600

N< lO0

N<60

N<60

N<80

N < 400

N<80

N < 200

N < 400

N < 200

N<40

N<40

<5

200

N < 100

N<80

N < 100

N<80

N < 1000

N < 400

N < 100

N<80

N < 200

Element

Rh

Ru

Sb

Sc

Si

Sn

Sr

Ta

Te

Th

Ti

TI

V

W

Y

Zn

Zr

Nd

Sm

Eu

Gd

Tb

Dy

Ho

Er

Tm

Yb

Lu

Ce

Impurity Content a' b

N < 200

N < 100

N < 100

N< 10

20

N<80

N < 600

N < 400

N < 600

N < 100

N < 40

N < 400

N<40

N < 600

N<10

N < 600

N< 10

N< 100

N < 100

N < 100

N< 100

N< 100

N < 100

N < 100

N < 1000

N < 100

N< 100

N < I00

N< 100

N< 100

52 i17

aIn parts per million by weight except where noted.

b--The following notation system is used:

20 means impurity content is 20 ppm ÷20%

< gO mean_ impurity contents is < 20 ppm;

N < 20 means not detected with a lower detection

limit of 20 ppm.

c-C-Annealed in H 2 at 1400°C for 2 hr. Carbon level can

apparently be further lowered by longer annealing times.

NOTE: O/Ca ratio cannot be determined because, of its

volatility and gettering action of the calciunl, and

the lower stability of the carbide.

a7 _- liES _,,
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T able 6

ANALYTICAL RESULTS: CERIUM OXIDE

Element
Impurity

Content a, b

<5

< 40

< 400

< 60

<I0

N<5

N<5

N< 40

N < 200

N < 200

N< I00

N < 600

N< 100

N<60

N<60

N<80

N < 400

N<80

N < Z00

N < 400

Z00

N<20

N< 100

N<80

Ag N
A1 N

As N

Au N

B N

Ba

Be

Bi

Ca

Cd

Co

Cr

Cu

Fe

Ga

Ge

Hf

Hg
In

In

Mg
Mn

Mo

Na

Element

Nb

Ni

P

Pb

Pd

Pt

Rh

Ru

Sb

Si

Sn

Sr

Ta

Te

Th

Ti

T1

V

W

Zn

Zn

Impurity

Content

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

Ce

O/Ce

C

< I00

< 80

< I000

< I00

< i00

< 80

< 200

< i00

< i00

300

< I00

< 600

< 400

< 600

< 100

< 40

< 400

N<40

N < 600

N<10

N<10

81. 7%

2.00

33c

--aln ppm by weight, except where noted.

bThe following notation system is used:

20 means impurity content is 20 ppm +20%;

<20 means impurity content is <Z0 ppm; and

N < 20 means not detected with a lower

detection limit of Z0 ppm.
CAnnealed in vacuum at 1400°C for 1 hr.
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Table 7

ANALYTICAL RESULTS: URANIUM HYDRIDE

Element Impurity Content a, b Element Impurity Content a' b

Ag

A1

As

Au

B

Ba

Be

Bi

Ca

Cd

Co

Cr

Cu

Fe

Ge

In

Mg

Mn

Mo

< l

100

N<40

N<4

0. i

N<6

N<l

N<0.4

N<2

N< 10

4

200

N< l

N<2

6O0

40

N<2

Na

Ni

P

Pb

Pd

Sb

Si

Sn

Sr

Te

Ti

V

Zn

U

H/U

O

N

C

N<60

60

N<5

N<10

N< 10

N<8

60

N<I

N<60

N<8

N< 60

N< 100

N<8

98.25%

3.01

O. 55 + 0.02%

739 + 13 ppm

840 • I00 ppm

aln parts per million by weight except where noted.

bThe following notation system is used:

20 means impurity content is 20 ppm + 20%;

< 20 means impurity content is < 20 pprn;

N < 20 n_eans not detected with a lower detection

limit of 20 ppm.



difficulty was experienced in obtaining a reliable number for the molyb-
denum content. General carrier spectrographic analysis yielded a value
of 60 ±Z0 ppm while instrumental neutron activation analysis using
14-Mev neutrons found <66 ppm. A final determination using thermal
neutron activation analysis followed by separation of the molybdenum
by precipitation of MoSZ yielded a value of <50 ppm. The analytical
data for the tungsten metal are given in Table 8.

Examination of the impurity levels of the stabilizing oxides reported
in Tables 3 to 6 shows that even I0 mole percent of the additive oxide does
not result in an impurity content of >50 ppm in the solid solution as a result
of the impurities in the additive oxide. The impurities in uranium metal,
however, do increase the nitrogen and magnesium content of UOI. 5 samples
to"_200 and 125 ppm, respectively. The location of the phase boundary is
insensitive to impurity levels as low as those present in this work.



Table 8

ANALYTICAL RESULTS: TUNGSTEN BAR STOCK

Element Impurity Content K'-b Element Impurity Content -a'_b

Ag

A1

As

B

Ba

Be

Bi

Ca

Cd

Co

Cr

Cu

Fe

Ga

Hg

In

Mg

Mo

Na

N<I

<1

N<10

N<2

N<I

N<I

N< 1

N<6

N<4

N<I

N<6

< l

< 1

N<4

N<8

N<Z0

< !

< 50 -c

N<ZO

Ni

Pb

Sb

Si

Sn

Sr

Te

Ti

TI

V

Zn

Zr

C

H Z

N 2

O2

F

< 1

N<I

N<2

<1

N<I

N<10

N<40

Z0

N<8

N<8

N< 10

N<10

11 + 1 ppm

7 ± 5 ppm

< 1

21 + 10 ppm

Z1 + 15 ppm

--aIn parts per million by weight except where noted.

--bThe following notation system is used:

20 means impurity content is 20 ppm + 20%;

< 20 means impurity content is < 20 ppm;

N < Z0 means not detected with a lower detection

limit of 20 ppm.

CResult obtained by neutron activation analysis using

thermal neutrons.



4. SAMPLE PREPARATION

The preparation of samples for thermal analysis was carried out with

the objective of minimizing both the contamination by impurities and the

pickup of oxygen (or COz) by adsorption.

The samples were based on 0. I mole of UOz. 17 (Z7.0 g). To this

quantity of UO Z the amount of uranium hydride necessary to yield the

desired O/U ratio was added. The weighing and addition of the uranium

hydride was carried out in an argon atmosphere glove box. Finally, the

quantity of stabilizing oxide needed to yield the desired metal oxide content

was added, again under inert atmosphere conditions. The mixture was

removed from the glove box and blended for 10 rain in a mixer. The blend-

ing operation was carried out in a plastic mixing jar sealed with tape; the

vial being further protected from the atmosphere by a sealed plastic bag.

Chemical analyses of representative samples for carbon after the comple-

tion of the thermal analyses showed, in all but one instance, that the carbon

contents were markedly lower than that calculated from the amount of car-

bon present in the uranium hydride. These data indicate that carbon is lost,

probably as CO, during the thermal analysis experiment. ;'"

After completion of the blending operation, the sample vial was

returned to the inert atmosphere glove box. The sample was loaded into

an ll/16-in, diameter steel die, and then sealed in a plastic bag before

removal from the glove box for the pressing operation. Compaction of the

powder to a cylindrical sample that can be readily loaded into a crucible

was accomplished with a laboratory-sized hydraulic press at about 10,000

psig. The pressed pellets were stored in the glove box until needed.

T.
The presence of carbon in the starting material has no effect on the

O/U ratios, since the latter were determined after completion of the ther-

mal analysis experiment.
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5. EXPERIMENTAL PROCEDURE

The procedures by which the prepared samples were homogenized

and the th@rmal analyses performed are discussed in this section. Also,

the reduction of the thermal analysis curves to yield the data given in

Tables 17 to 26 and Figs. 17 to 46 are described below. (These tables

and figures are presented in Section 7. )

5. I. Sample Homogenization

The cold-pressed oxide pellets were loaded into tungsten crucibles

in the inert atmosphere glove box. Tungsten shielding, as described in

Section 2.1, was added and the crucible assembly transferred rapidly to the

thermal analysis apparatus. During this transfer operation, the sample is

necessarily exposed to the room atmosphere and thus is partially oxidized.

The exposure period was minimized, however, and it is estimated that this

exposure did not exceed one minute.

The system was evacuated and pumpdown was continued at room

temperature until a pressure of 10 -5 torr was reached. Helium was then

admitted to the furnace chamber to limit vaporization and heating was

initiated slowly to decompose the uranium hydride. The heating continued

under flowing helium until the sample reached 1800°C and then was annealed

for one-half hour. Even this procedure was insufficient to insure solid

solution homogeneity, so the sample was then taken to the melting point.

The electromagnetic stirring action of the induction field helped insure

thorough mixing.

5.2. Thermal Analysis

Once the uniformity of the sample was assured, thermal analysis was

begun. The liquidus and solidus temperatures were studied first; the sample

was maintained at high temperature (>,-_1800°C} continuously for I0 to 20min.

Consequently, it is most probable that the greatest changes in composition

(both in the O/U ratio and metal additive content) took place during this

period. At least two attempts to determine (on both heating and cooling)

the liquidus and solidus temperature were made for each sample.

After the liquidus and solidus determinations were completed, thermal

analysis runs were carried out at lower temperatures. As shownin Section 7,



the decomposition of UO2 was normally observed in the range from O/U
1.63 to O/U ___-1.95.During these analyses, the temperature of the sample
was high for only short periods of time and it was frequently below the
lowest visible temperature (N750°C). It is likely, therefore, that changes
in the sample composition were minimal during this period. At least two
attempts to determine the decomposition temperature were made, both on
the heating and the cooling cycles.

As noted in Section 7, it was frequently not possible to determine a
thermal halt on the heating cycle while it could be easily observed on the
cooling cycle. This was most frequently true for the solidus or monotectic
temperatures and occurred less often for the decomposition temperatures.
Occasionally, it was not possible to determine the liquidus temperature on
both heating and cooling cycles.

On completion of the thermal analysis, the crucible assembly was
removed from the furnace chamber and returned to the glove box with a
minimum exposure to the atmosphere. The sample was removed from the
crucible, a portion (5 g) was removed for analytical samples, and the
balance retained for submission to NASA as the contract required.

5. 3. Evaluation of Temperatures

This section describes the procedures by which the temperatures and

cooling curves recorded on the chart paper are converted into the data pre-

sented in Tables 17 through 26 of Section 7.

The graph paper on which the heating and cooling curves were recorded

was mounted on a drafting table in such a manner that the coordinate system

of the paper was parallel to the mechanical arm of the table. The temperature

calibration marks which span the temperature of the indicated transition were

transferred from the lower margin of the paper to each thermal analysis

curve. The temperature scale between the two calibration marks on either

side of the indicated thermal arrest was assumed to be linear, and the uncor-

rected temperature of the thermal arrest was found by interpolation. This

procedure was followed for each thermal arrest noted and was carried out

for both the standard and the derivative thermal analysis curves.

The temperature of the thermal arrest as determined above was cor-

rected by application of the corrections for window absorption, mirror

absorption, and pyrometer calibration from data given in Appendix A. The

individual measurements of each thermal arrest were then averaged to yield

values of the temperature of the arrest for the standard and derivative curves

on both heating and cooling cycles. These values are given in Tables 17

through 26 of Section 7
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It will be noted that it has not been possible to obtain temperature

measurements on all thermal arrests for the standard and derivative curves

on both heating and cooling cycles. In many cases, the enthaipy changes

associated with the thermal arrest are small and the thermal effect cannot

be detected on the standard curve. Thus, temperatures can be determined

only from the derivative curve. In a few cases, the rapidly changing slope

of the derivative curve makes determination of the temperature of the

inflection difficult and thus less reliable. In such cases, only the data

from the standard curve are used.

In summarizing the data, the temperatures determined from the stan-

dard thermal analysis curve during heating and cooling are averaged, as

are the analogous temperatures from the derivative curve. This procedure

is necessary to compensate for the observed hysteresis on heating and

cooling. For solid state transformations, the hysteresis loops can vary

widely as shown by Wolten (12) and are independent of time. Similar

behavior has been observed in the present studies. The average of heating

and cooling temperatures from the standard thermal analysis curves agrees

quite well with the analogous average obtained from the derivative curves.

Finally, the heating and cooling average temperatures from the two types

of curves are averaged.
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6. COMPOSITION OF MATERIALS

Samples for investigation in this study were intended to have O/U

ratios which were integral multiples of 0. l in the range I. 5 <O/U < Z. I.

Partially as a result of the susceptibility of the uranium hydride to oxida-

tion during handling, the as-prepared samples differed from the desired

compositions. In addition, the O/U ratio changed again during the thermal

analysis experiment; most likely during the initial study of the liquidus and

solidus temperatures. Thus, the final composition of the sample was some-

times quite different from the composition originally desired. Finally, the

loss of metal oxide additive from some of the samples by volatilization during

the thermal analysis experiments resulted in metal oxide contents which

varied from the prescribed composition. This section discusses the com-

position of the samples and the reasons for the deviation of these compositions

from those initially desired.

6. 1. Sample Compositions and Chemical Analysis

The analytical data on all five series of samples are given in Tables 9

through 13. These tables list the desired compositions in terms of O/U ratio,

tool-a/0 additive oxide, and the final compositions, as determined by chemical

analysis. The latter consists of the O/U ratio, the amount of stabilizing

oxide, the amount of tungsten contamination, if any, and the carbon content

of representative samples. Since the metals, carbon and oxygen are all

determined directly, the mass balance is also given. For a number of

samples in the unstabilized uranium-oxygen series, the initial (or as-prepared)

composition is also given. This latter analysis was carried out to determine

the reasons for deviation of the final from the desired compositions.

Prior tothe chemical analyses, the samples were stored as large pieces

in the inert atmosphere dry box. Every effort was made to completetheOxygen

determination within three days after the completion of the experiment.

Several samples which were stored for extended periods of time, showed

oxygen contents which increased with storage time, e specially when in a

powdered form. This is in agreement with results reported by the General

Electric Nuclear Materials and Propulsion Operation which showed that CeO 2-

UO2, Nd203-UO 2, and Yb203-UO2 samples oxidized at room temperature (13).

The oxygen was determined by the inert-gas-fusion method. This

procedure consisted of heating the sample in a graphite crucible to 2300°C

in a flowing stream of argon. The CO 2 content of the gas was then determined

 I-DE, NTIA[
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Exp.

No.

.i-I

•15-I

.3-2

•3-3

.5-1

.5-5

•5-4

•7-3

.17-I

•7-2

•9-3

•9-4

•9-4'

•9-5

.11-3

.9-2

• 11-2

• 11-2'

• 13-1

Table 9

ANALYTICAL DATA FOR THE URANIUM-OXYGEN SAMPLES

Desired

Comp.

o/u

Ratio

1.5

1.55

1.6

1.6

1.7

1.7

1.7

1.8

1.75

1.8

1.9

1.9

1.9

1.9

2.0

1.9

2.0

2.0

2.1

Initial

Comp.

O/U

Ratio

1.72

1.76

1.75

1.83

1.93

Final

Cornp.

O/U

Ratio

Tungsten

(wt-%)

Final Composition

Carbon

(ppm)

115

ND a 132

ND

ND

ND

ND

1.93

1•52

1.62

I. 67

1.67

1.71

1•73

1•75

1•77

I•80

I. 80

1.83

1.84

1.87

1.90

1.92

1.95

2.02

2.02

2.06

150 b-

Mass Balance

Initial

Comp.

(wt-%)

101. 14

100.27

100. 30

100. 06

I00. 19

I00.04

100.23

a

Final

Comp.

(wt- °/0)

99.30

99.07

99.85

99.40

99.98

99.60

I00.23

98.99

98.87

100.04

99.58

98.82

98.98

99.97

99.27

100.21

99.61

99. 12

98.00

--ND indicates that tungsten was not detected (<_0.2%).

bThis sample appears to have an anomalously high carbon content

which cannot be accounted for. Analysis of this sample by the NASA Lewis

Research Center yielded an average value of 11 ppm carbon. The NASA

value for carbon content is taken as correct.
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Table 1 0

ANALYTICAL DATA FOR THE URANIUM-CALCIUM-OXYGEN SAMPLES

Exp.

No.

Z. 0-1

2.15-1

2. i-i

Z. 17-i

2.3-I

2.5-i

2.5-2

2.7-Z

2.7-i

2.9-I

Z. ll-i

2. 13-I

2. 14-I

2. 15-2

2. 19-I

Z. 23-i

2. ZI-I

2. 21-Z

2.25-i

2. 27-i

2.28-I

2.29-i

2.31-I

2.33-I

2.35-I

2.39-I

2.37-I

2.41-1

2.43-i

2.45-I

Z.47-I

2.49-I

Z. 55-I

2.53-I

Z. 51-I

CaO

(mol-%)

Desired Composition

o/u
Ratio

1.4

1.5

1.5

1.6

1.6

1.7

1.7

1.8

1.8

1.9

2.0

2. i

1.4

1.5

1.7

1.9

1.8

1.8

2.0

2.1

1.4

1.5

1.6

1.7

1.8

2.0

1.9

2. i

1.5

1.6

1.7

1.8

2. I

2.0

1.9

2.5

5.0

Z. 5

5.0

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

5.0

5.0

5.0

5.0

5.0

5.0

5.0

5.0

10.0

10.0

10.0

10.0

10.0

10.0

10.0

10.0

15.0

15.0

15.0

15.0

15.0

15.0

15.0

o/u
Ratio

Final Con_position

1.61

1.63

1.66

i.67

1.72

1.75

1.83

I. 89

1.90

1.92

1.95

Z. 02

1.63

1.67

1.74

1.79

1.81

1.91

1.99

2.03

1.66

I. 67

1.76

I. 84

1.90

1.96

I.97

2.02

1.74

CaO

(mol-%)

1.30

1.94

1.30

2.60

1.95

1.97

1.33

1.32

1.99

2.00

1.99

2. 04

3.51

3. 86

3.23

3.26

3.25

3.91

3. 89

3. 38

7.98

5. 37

6.35

6.98

7.01

7.42

7. O9

7. 24

9.22

Carbon

(ppm)

139

135

38

207

1.80

I.84

1.95

1.97

1.98

1.99

i0. 15

11.35

11.65

12.24

12. 05

IZ. 01

Tungsten

(wt- %)

ND

<0. 20

<0.20

ND_

<0. Z0

<0. 20

ND

ND

ND

<0. Z0

0.40

1.80

ND

ND

ND

ND

ND

ND

ND

3.0

ND

ND

ND

ND

ND

1.0

1.0

3.0

0.25

3.55

1.25

0.70

99.95

i00. 18

i00. 35

I00.27

I00.30

i00.43

99.72

99.62

100. 15

99. 83

99. 34

98. 81

99. 88

99.93

100. 03

99.4]

I00. 23

100. 09

100. O1

100.40

100. 64

100. O0

99. 48

99. 19

99. Z6

99. 3O

99. 50

99.63

i00. 07

99.73

99. Z0

99.55

i00.41

99.90

99. 00

_IUlI; _ GY ACT 1954
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Balance

(wt - °fo)

--aND indicates that tungsten was not detected (<0. 2%).



Table 11

ANALYTICAL DATA FOR THE URANIUM-YTTRIUM-OXYGEN SAMPLES

Desired Composition

Exp.

No.

3.2-1

3.1-i

3.3-1

3.5-1

3.7-2

3.7-I

3.9-1

3. ll-i

3. 13-I

3. 15-2

3. 17-2

3. 19-3

3. 19-2

3. 21-2

3.21-3

3. 23-2

3.25-1

3. 27-I

3. 29-2

3. 31-2

3. 33-2

3. 35-2

3. 37-2

3. 39-I

3.41-i

Y203

(mol-%)

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

5.0

5.0

5.0

5.0

5.0

5.0

5.0

5.0

5.0

I0.0

i0.0

I0.0

10.0

10.0

I0.0

10.0

o/u
Ratio

1.4

1.5

1.6

1.7

1.8

1.8

1.9

2.0

2.1

1.5

1.6

1.7

1.7

1.8

1.8

1.9

2.0

2.1

1.5

1.6

1.7

1.8

1,9

2.0

2. I

o/u
Ratio

Final Composition

i.57

1.61

1.73

1.74

I.84

1.88

1.92

2.03

2.04

I.64

1.70

1.81

1.83

1.88

1.88

1.93

2.02

2.10

1.58

1.68

1.80

1.86

1.94

2.08

2. 14

Y203

(mol-%)

2.51

2. 09

2.61

2.62

2, 48

1.96

2.62

2.64

2.27

4.89

4.51

4.79

4.59

4.59

4.83

4.58

4.89

4. 86

8.79

8.94

9. 17

8.78

8.82

8.58

9.06

aND indicates that tungsten was not

Carbon

(ppm)

143

48

49
70

52

Tung s ten
(wt-%)

ND

ND&

0.50

ND

ND

ND

O. 6O

0.80

1.40

ND

ND

ND

ND

ND

ND

ND

0.40

2.0

ND

ND

ND

ND

ND

1.40

2.50

detected (< 0.2%).

Mass

Balance

(wt-%)

100.74

99. 21

99.63

99.92

99.86

99.91

99.53

100. 57

lO0.21

99.28

99.58

i00. 13

99.57

99. 14

99.88

99.32

99.77

100. 06

100.00

99.31

99. O7
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Table 12

ANALYTICAL DATA FOR THE URANIUM-THORIUM-OXYGEN SAMPLES

Exp.

No.

4.3-i

4.5-I

4.7-1

4.9-i

4. Ii-I

4. 17-1

4.19-1

4.21-i

4.23-i

4.25-I

4.29-I

4.31-I

4. 33-2

4. 35-i

4. 37-I

4.39-I

Final Composition

Desired Composition

ThO Z O/U

(tool- %) Ratio

Z. 5 1.6

Z. 5 1.7

2.5 1.8

Z. 5 1.9

2.5 Z. 0

5.0 1.6

5.0 1.7

5.0 1.8

5.0 1.9

5.0 2.0

I0.0 1.5

i0.0 1.6

I0.0 1.7

I0.0 1.8

I0.0 1.9

I0.0 Z. 0

O/U ThO Z

Ratio (mol-%)

i. 68 Z. 50

1.75 Z. 50

i. 83 2. 38

I. 9Z Z. Z8

1.98 Z. 41

I. 67 5. 0Z

1. 81 4.90

i. 85 4.92

i. 9Z 4.85

I. 95 4.88

1.58 9.91

i. 69 i0. 00

1.76 9.89

i. 86 9.83

1.90 9.98

I. 96 9.56

Carbon

(ppm)

56

63

64

Tungsten

(wt-%)

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

Mass

Balance

(wt-%)

i01. 17

I01. 05

100. 04

i01. 08

I00. Z7

100.47

I00. 84

i00.9Z

i00. 30

99. 81

99.78

I00.4Z

I00. Z7

I00.92

99.65

98.83

--aND indicates that tungsten contamination was not detected

(_< O. 3 wt- %).



Table 13

ANALYTICAL DATA FOR THE URANIUM-CERIUM-OXYGEN SAMPLES

So

5.

5.

5.

5.

5.

5.

5.

5.

5.

5.

5.

5.

5.

5.

5.

5.

5.

Exp.

No.

i-I

3-i

5-I

7-i

ii-I

9-i

15-i

17-I

19-1

Zl-I

25-i

23-i

29-i

31-1

33-i

35-I

39-I

37-1

Desired Composition

CeOz O/U

(mol-%) Ratio

2.5 1.5

2.5 1.6

Z. 5 1.7

2.5 1.8

2.5 2.0

Z. 5 1.9

5.0 1.5

5.0 1.6

5.0 1.7

5.0 1.8

5.0 Z. 0

5.0 1.9

10.0 1.5

i0.0 1.6

I0.0 1.7

10.0 1.8

10.0 2.0

10.0 1.9

o/u
Ratio

1.55

1.68

1.75

1.83

1.92

1.93

1.53

1.71

1.76

1.8Z

i.89

1.91

1.56

I.68

1.76

1.89

1.94

2.01

aND indicates that tungsten

Final Composition

CeO 2

(mol- _/0)

Z. 44

Z. 64

2.42

2.44

2.31

2.40

5. O6

4.65

5.13

5. 07

4. 89

5.13

9.77

9.93

I0. 14

9.86

9.95

9.95

Carbon

(ppm)

91

37

55

25

6O

44

Tungsten

(wt-%)

ND

ND

ND

0.8

Mass

Balance

(wt-%)

99.73

99.67

99. 53

99.33

99.20

ND

0.3

ND

ND

ND

0.8

ND

0.3

ND

ND

ND

1.3

0.6

99.31

99.87

99.94

99.67

99.86

99.01

99.55

100. 02

I00. 30

100. 19

100.45

99. 63

i00. 66

contamination was not detected

(<0. 3 wt-%).

41

 ATO



gray±metrically. It is estimated that oxygen was determined to ±1%. This

analytical error resulted in a propagated error of +0.02 in the O/U ratio.

Uranium and the additive metal contents were determined by x-ray

spectrographic analysis. The sample was first fused intoa borax bead, which

was mounted in the x-ray beam. The intensity of the x-ray lines, as deter-

mined by the spectrograph, were then compared withknown standards. It

was estimated thaturanium could be determined to _+2 wt-a/0. The 1 wt-°/0error

in the uranium determination propagated into an error of +0.02 in the O/U

ratio. When combined with the estimated error in the oxygen analysis, a stan-

dard error of ±0.04 in the O/U ratiowas calculated, exclusive of the errors

introduced bythe invalidity of the assumptions regarding the oxidation state of

the tungsten contamination which is discussed below. Carbonwas determined

using an analyzer which determines carbon as CO 2using a thermal conductiv-

ity detector. The detailedprocedures for these analyses are given in Appendix B.

The propagation of the analytical errors in the determination of the

additive metals have been calculated and the results are given in Table 14.

It is noted that the precision with which these metals can be determined

varies with the amount of additive present and that the precision improves

with increasing amounts of additive.

Anumber of the samples were found to contain tungsten as a contam-

inant, and consequently tungsten was regularly determined in each sample,

except for a number of the initial samples in the U-O system. The tungsten

was assumed to be present in the metallic state in the sample, as discussed

below, for the purpose of calculating the O/U ratio. It is known, from

electron microprobe studies, that this assumption is not entirely true, and

a subsequent possible error of _0.05 in O/U per l wt-°/0 tungsten is thus

introduced into the reported ratios for those samples that contain tungsten

as a contaminant (see Section 6.4).

The tungsten contamination primarily affects the samples with high

O/U ratios, although one yttria-stabilized sample withO/U = 1.73 had a

tungsten content of 0.5 wt-a/0. Conversely, none of the thor±a-stabilized

samples showed any tungsten contamination. Tungsten contamination was

minimal belowO/U _1.92, and since the decomposition reaction is no longer

observed above O/U ,_1.95, only those samples with 1.92<O/U<1.95 could

have been affected by the tungsten. The tungsten contamination may appear

to be responsible for an apparent reversal in final composition of the

O/U = i. 9 and 2.0 samples in each of the ceria-stabilized series. The

samples, which were prepared to be UO2.0 have considerably larger tungsten

contents than the samples prepared is UOi.9. However, statistical analysis

indicates that, within the limits of the analytical errors, the compositions

are identical, and the apparent reversals of the type noted are to be statisti-

cally expected.
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Table 14

ESTIMATED ERRORS IN COMPOSITION OF STABILIZED URANIA

Additive

Y203

CaO

CeO 2

ThO 2

Nominal Amount

Metal Oxide

(tool-%)

2.5

5.0

I0.0

2.5

5.0

I0.0

2.5

5.0

I0.0

2.5

5.0

I0.0

of Additive

Metal

(wt -7o)

1.8

3.4

6.5

0.3

0.6

1.1

1.3

2.7

5.4

2.2

4.3

8.6

Analytical

Error

(wt-70)

+I0

±I0

±I

±I0

±5

±5

+I0

±5

+2

±5

±3

±2

Propagated

Error _a

(mol-%)

±0. 3

±0. 5

±0. 1

+0.2

±0. Z

±0. 5

±0. Z

+0.2

±0. 2

±0. 1

±0. 1

±0. Z

a calculated according to the procedure given in Ref. 14.

The mass balances given in the final columns of Tables 9 through 13

are given as an index of the precision of the analytical data. In view of the

fact that the metals and oxygen were determined directly, the mass balances

in the tables must be considered exceptionally good.

The final carbon contents of several samples in each series were

determined in an effort to maintain control of procedures that might lead

to C contamination of the sample; and these contents are given in Tables 9

through 13. It is thought that the primary source of C in these samples was

the uranium hydride, which was shown to contain 840 ±100 ppm of carbon.

The data in these tables indicate that most of this carbon was lost, probably

as CO, during the thermal analysis experiment. As noted earlier, theO/U

ratio is unaffected since it was determined after completion of the experiment.

6.2. Variation of the O/U Ratio

The preparation of samples for the thermal analysis experiments and

the precautions taken to avoid contamination by oxygen have been described

in Section 5. In spite of these efforts, the as-prepared samples varied from

the desired composition. This is indicated by the data in Table 9 (for the

U-O system) which shows the variation of the initial (as-prepared) O/U

3 . _ _



ratios of 5 samples from the desired (or calculated make-up) composition.

The accuracy with which the UO 2 and UH 3 were weighed (*0. 001 g) precluded

weighing errors from being responsible for the composition variances. In

addition, the data show that in all cases, the O/U ratio was higher than the

desired composition. It is likely, therefore, that oxygen absorption by the

UH 3 during sample preparation, and in spite of handling in the glove box, is
responsible for the increased oxygen content of the as-prepared samples.

Additional changes in the O/U ratios of the samples occurred during

the thermal analysis experiments. As was noted in Section 5.2, it is most

likely that these composition shifts occurred during the initial phases of

the experiments as a result of free vaporization of the samples into the

helium atmosphere. During these initial thermal analyses, heating and

cooling curves were being run between 2400 ° and 3100°C to determine the

liquidus and solidus temperature. The total time during which the sample
is above 2500°C is of the order of 6-10 min. The ensuing experiments which

studied the decomposition temperature were carried out between room tem-

perature and 2400°C, with only a short time at the higher temperatures.

The composition changes during this period were thus clearly less than

during the high temperature study. The net result of the composition changes

was almost invariably a shift toward higher O/U ratios for samples in the

range O/U<l.9. Conversely, stoichiometric or hyperstoichiometric UO 2

samples normally decreased in O/U ratio during the experiment. Since the

principal composition change probably occurred during the initial studies of

the liquidus and solidus temperatures rather than during studies of the

decomposition temperatures, the final O/U ratio, as determined by subse-

quent chemical analysis, most closely represents the composition of the

sample at the time of the decomposition studies. Therefore, the O/U ratio

determined by this analysis has been used in all evaluations of the data.

In samples containing the stabilizing oxides CeO 2, ThOz, Y203, and

CaO, it was assumed that the oxidation state of the additive metals remained

unchanged in the solid solution and that the oxidation state was that given by
the stoichiometric formula. Formation of hypostoichiometric oxides is

possible, at least in the rare earth and actinide oxides. However, investi-

gation of the average oxidation state of these metals in the solid solution

was beyond the scope of the contract. In the case of ceria, it is known that

CeO 2 can be reduced to essentially stoichiometric Ce20 3. The error in
calculated O/U ratio which would be introduced if a 10 mol-% CeO 2 sample

were completely reduced to Ce203 is about ±0.05 units in O/U ratio, and
well within the experimental error in the ceria-stabilized systems.
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6. 3. Variation of the Metal Oxide Additive Content

The volatilization of the oxide additive during the thermal analysis

experiments produced variations in the concentration of stabilizing oxide

from the desired concentrations in both the yttria- and calcia-stabilized

systems. However, the variation was serious and troublesome only in the

calcia-containing system, although in the yttria-stabilized samples small,

yet significant changes in additive oxide concentration were observed,

especially in those samples containing the larger amounts of yttria. No

changes in the stabilizing oxide contents were observed in the ceria-or
thoria- stabilized series.

It was suspected that the decrease in content of the stabilizing oxide

was due to preferential volatilization of the oxide during the homogenization

anneal, the melting process, and the thermal analysis studies at high

temperatures. However, the observed calcia losses could not be reconciled

with published data on the vapor pressures of the pure materials (15, 16).

Therefore, a mass spectrometer study of the equilibrium vaporization of

calcium- and uranium-containing species from a tungsten Knudsen cell
was undertaken. "

The vaporization study was carried out in a Nier-type 12-in. radius

of curvature, 60-degree sector, single-focusing mass spectrometer. The

sample used in the study contained i0 mol-% calcia and had an inital O/U

ratio of I. 7. The sample was held at 2018°K until the ion signals no longer

changed with time. The species observed, their intensities, relative pres-

sures, and the relative amounts volatilized from the crucible are given
in Table 15.

The ion-signals were converted to relative pressures,

equation:

IT_-M-
p=--

lET '

P, using the

where I is the ion signal corrected for isotopic abundances, T the absolute

temperature, M the mass of the ion measured, E the energy above the

appearance potential at which the ion was measured {in electron volts), and

Y the relative electron cross section from Otvos and Stenvenson (17). Since

the number of moles of calcium-containing species effusing from the Knudsen

cell per unit time exceeds the moles of uranium-containing species, it is

clear that the vapor phase was enhanced in calcium. Calcium was thus lost

preferentially from the sample and the calcium content of the condensed

phase decreased with time, in agreement with the observations of the study.

_"These studies were carried out by Dr. John H. Norman and H. G. Staley.
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Similar behavior has been observed at the General Electric Nuclear Materials

and Propulsion Operation where the depletion of calcia in samples annealed

at 1800°C has been observed (18).

Table 15

VAPOR SPECIES OBSERVED ABOVE URANIA-10 MOL-%

CALCIA AT Z018°K

Ion

Ca

CaO

U

UO

UF z

UO z

UOF

UF
2

Mass

40 0. 412

56 O. 057

238 O. 066

254 O. 384

257 O. 065

270 O. 029

273 O. 013

276 O. 003

Intensity

(v)
Relative Pressure

(arbitrary units)

6.93

1.16

Z. Z9

12.6

2.31

O. 93O

O. 456

O. I01

Moles -a

Vaporizing

Z. 44xi0 -g

3.45xi0 -3

3. Z0xl0 -3

I. 76xi0 -2

3.21xi0 -3

i.g6xl0 -3

6. 15x10 -4

I. 35xi0 -4

-aThe number of moles vaporizing per unit time is

proportional to P/TQ'_'M.

Although it was possible to explain the loss of calcia from the thermal

analysis samples on the basis of the mass spectrometer results, the large

and nonuniform losses, especially in the 5 and 10 tool-% series made analysis

of the data difficult. It was therefore decided that a fourth series, containing

initially 15 tool-% calcia should be studied to aid in interpreting the data as

a function of calcia content. The data on the 15 tool-% series are also given

in Table 10, but unfortunately the large losses of calcia by volatilization

resulted in widely scattered thermal analysis data. The added series was

thus of little additional value in extending the range of calcia contents for

interpretive convenience.

6.4. Examination of Samples with the Electron Microprobe Analyzer

One sample from each of the U-Ca-O and U-Y-O systems was sub-

mitted for electron microprobe analysis. The objectives of the analysis



were: (I) to determine whether there was preferential segregation of the

additive metal in the oxide matrix or whether it was uniformly distributed

in the uranium metal phase also, and (2) to determine whether tungsten was

present as the oxide in the UO 2 matrix or whether it was dissolved by the

liquid uranium metal and was therefore present in the metallic state.

The yttria-containing sample had an initial composition of UO1.62:::

and a nominal Y203 content of 5 tool-%. After the experiment, microprobe

analysis of this sample showed three phases to be present. The UO 2 matrix

contained about 2 wt-% yttrium (uncorrected microprobe intensity), which

was uniformly distributed. In addition, there were two grain-boundary

phases. The predominant grain-boundary phase was essentially pure

uranium metal. This is shown as the white area in Fig. fla. (The con-

tinuation of the white area into the black streak is probably a void produced

by polishing. ) The minor grain-boundary phase (black area in Fig. llb)

was found to be high in yttrium. This is in agreement with the reported low

mutual solubilities of uranium and yttrium metals(19). No tungsten contam-

ination was found in this sample, which is in agreement with the analytical

results on the x-ray spectrograph, and with the general observation that

tungsten was found only in samples with higher O/U ratios.

The U-Ca-O sample initially contained 2.5 mol-% CaO with an O/U

ratio of 2. I. Chemical analysis of the sample after the thermal analysis

experiment yielded an O/U ratio of 2.02 and a CaO content of 2. 04 tool-%.

The microprobe analysis showed no uranium-metal phase to be present, in

agreement with the chemical analysis. Calcium was found to be uniformly

dispersed throughout the sample. In this sample the grain boundaries of

the UO 2 matrix also contained two phases: tungsten and a tungsten-oxide

phase. The tungsten metal is the white phase shown in Figs. 12a and 12b

and the tungsten oxide is the black phase in the grain boundaries_ The --

detection of tungsten by microprobe analysis confirmed the x-ray spectro-

graphic determination of I. 8 wt-% tungsten in this sample. Further, it

emphasizes the difficulty in calculating the O/U ratio in samples containing

tungsten contaminant, since the amount of oxygen combined with the tungsten

is uncertain, thus introducing an error of :_0.05 in the O/U ratio for a

sample containing l wt-% tungsten.

"Final composition, UOI. 64"
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7. THERMAL ANALYSIS DATA

The results of the thermal analyses of the five systems studied in the

present program are presented in this section. The general type of cooling

curves expected for various regions of the phase diagram are discussed

first as an aid in interpreting the data.

7. i. Idealized Thermal Analysis Curves

It is possible, by reference to the U-O phase diagram of Edwards and

Martin (6) (Fig. l), to draw idealized cooling (or heating) curves for the

two regions of the phase diagram of interest to this study.

7.1.1. Composition with 1.3 < O/U <_- 1.60

In the range 1.3 < O/U <--,1.60, the system undergoes monotectic

melting. An idealized cooling curve for a sample within this range is shown

in Fig. 13. This curve shows changes in slope corresponding to the crossing

of two phase boundaries: the liquidus temperature and the monotectic tem-

perature. The lengths of the various sections of the curves will depend

upon the precise composition of the sample. For those samples with O/U

ratios close to that of the monotectic composition, the monotectic halt will

be distinct and the change in slope at the liquidus temperature may not be

seen at all. The initial change in slope is thus likely to correspond to the

monotectic temperature. Conversely, samples with O/U ratios close to

1.60 will show short, if any, monotectic halts. The initial change of slope

in the curve will correspond to the liquidus temperature. The heating curves

for the above samples will be mirror images of the cooling curves reflected

in the temperature axis.

Thermal analysis curves for samples in the region 1.5 < O/U < 1.60

actually showed a behavior roughly comparable to the idealized curve in

Fig. 13, but with much more curvature and no distinct changes in slope.

They also differed in actual appearance, because of the step increase in

apparent temperature due to the emittance change on freezing. No thermal

effects that could be attributed to the decomposition of the substoichiometric

UO 2 phase were observed in samples within the above composition region.

7.1.2. Compositions with _ 1.60< O/U< 2.0

Samples with O/U ratios > ,-, 1.60 do not exhibit monotectic melting.

But, the solidus temperature varies with composition. At lower temperatures

5O
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the solid-solution phase UO2_ x decomposes to U(liquid) + UO2_x+ 6, where

6 is an infinitesimally small number. Determination of the temperature-

composition dependence of this decomposition reaction was the primary

objective of the present study.

An idealized cooling curve for compositions in the range O/U >N 1.60

is shown in Fig. 14. This curve shows changes in slope corresponding to

the crossing of three-phase boundaries: the liquidus temperature, the

solidus temperature, and the decomposition temperature. Once again, the

lengths of the various sections of the curve will depend upon the precise

composition of the sample. It is likely that only either the liquidus or,

rarely, the solidus may be apparent. For compositions very close to

UO1.60' the decomposition temperature may be difficult to detect. This

may also be true near UO2.0, where this phase boundary becomes nearly

vertical, indicating a very small change with temperature in the solubility

of U(liquid) in UO 2. Since only a very small amount of material is pre-

cipitated, and, further, over a range of temperature, the phase boundary

should be difficult to detect.

Thermal analysis curves of samples in the composition range UO1.60

to UO2.0 were generally found to be similar to the curve in Fig. 14, but

once again there was considerable curvature and no distinct changes in

slope. Heating and cooling curves from I000 ° to about 2000°C are shown

in Fig. 15 for UO1.95. The decomposition reaction is barely perceptible

on the heating and cooling curves, but is readily seen on the time derivative

of the temperature curves.

The thermal analyses in this region were carried on down to quite

low temperatures in order to utilize the thermal arrests associated with

transitions in uranium metal as confirmatory evidence for the presence

or absence of free uranium metal in a given composition. These thermal

arrests, quite unexpectedly, were observed in the earliest experiments

with substoichiometric UO 2 samples. The small amount of uranium metal

calculated to be present in some of these samples (1.6 g of uranium metal

in 23 g of UO1.84) made it quite unlikely that the freezing and polymorphic

transitions could be detected. However, thermal analysis curves between

600 ° and 1300°C quite clearly show all three transitions. One of these

curves for UO1.75 is shown in Fig. 16. While only the _U to U(liquid}

transition is detectable on the standard heating curve, all three transitions

are apparent on the derivative curve. On cooling, the freezing of the liquid

U and the yU _--_ _U transition can be distinguished on both the standard and

derivative curves. Since the two solid-state transitions occur at temper-

ature s below the minimum useful range of optical pyrometers, the temperature s

The cooling curve was not continued down to the _U ----*yU transi-

tion tempe rature.
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of these transitions cannot be determined from these curves. However, it

was possible, in separate experiments, to measure the temperature of these

thermal arrests by placing a Pt/l=)t-10% Rh thermocouple directly into the

UO 2 samples. This was done in samples of composition UO1.67 and UO1.84

and the data are given in Table 16. The thermocouple was not sufficiently

sensitive to detect the solid state transition, but it was used to measure the

temperature of the UO 2 as the infrared detector plotted the thermal analysis

curves on which the transitions are detectable. The temperatures observed

on heating are above the accepted equilibrium temperatures for the transitions,

whereas those observed on cooling are below. The correspondence, however,

leaves little doubt that the transitions being observed are those of uranium

metal. The data in Table 16 show that isothermal enthalpy changes of <8

calories in a sample can be detected by the thermal analysis apparatus.

The temperatures and enthalpy changes associated with the transitions

observed in UO1.67 and UO1.84 are also given.

Table 16

TRANSITIONS IN URANIUM METAL

T ran sition

Temp (°C)

Observed _

Literature (19) Heating Cooling

668 742 ....

Enthalpy

Change

(cal/mole)(19)

700

T _ liquid

775 790 717_

1132 1144 1126

1150

2500

UOI. 67 Sample

Calculated

Weight of

U in Sample

3.1

3.1

3.1

Calculated

Heat

(cal)

15.

33.

UOI. 84 Sample

Calculated

Weight of

U in

Sample

(g)

1.6

1.6

Calculated

Heat

(cal)

c

<8,

17.

aThese measurements are the average of data from the standard and the derivative thermal analysis

curves, except where indicated.

--bFrom standard thermal analysis curve only.

CThermal analysis not carried out at sufficiently low temperatures to observe the c_ _ 15 transition.

7. Z. Experimental Data

The large amount of experimental data obtained in this study on the

five systems and covering four composition ranges makes its presentation

in a coherent manner difficult. The choice of the major subheadings under

which to present the data and the large number of curves is necessarily

arbitrary. However, the objective has been to keep measurements of the

same type together, thus facilitating comparisons between systems. Thus,

the decomposition temperatures are presented first, followedby a subsection

dealing with the liquidus temperatures. The solidus temperatures, although

measured when possible, are believed to have very large errors associated

with them and are thus of limited reliability. They are presented in the

interest of providing a complete record of the research, but are utilized
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only as an aid in locating the monotectic temperatures and the

p-tristeric _; point.

7. 2. i. Decomposition Temperatures

The decomposition temperatures of hypostoichiometric UO 2 were

measured for the pure U-UO 2 system and for the system stabilized with

CaO, Y203, CeO2, and ThO 2. The decomposition temperatures, as deter-

mined on heating and cooling from both the standard and the derivative

thermal analysis curves, are given in Tables 17 to 21.

For the unstabilized U-O system, the decomposition temperatures

from the standard thermal analyses curve from columns 3 and 4 of Table 17

are plotted in Fig. 17. The data from the derivative curve (columns 5 and

6) are plotted in Fig. 18. Because of the large number of experiments in

the U-O system, it was necessary to present the derivative and standard

data on separate plots to obtain an uncluttered figure. (Both sets of data

are presented in the same plot for the stabilized sYstems.) The points at

O/U = i. 95 are in disagreement with the balance of the data. In this region

of high O/U ratio, the hysteresis error is also large. Severalmonotectic

temperature points, obtained from Table 22 (Section 7. 2. 2), have been

included in the figure. This is done throughout this section as an aid in

locating the terminus of the decomposition curve at the monotectic

temperature.

The decomposition and monotectic temperatures of the four calcia-

stabilized series are given in Figs. 19 to 22. Figure 19 contains the data

from both the standard and derivative curves for samples containing

nominally 2. 5 mol-_/0 calcia. Figure 20 contains the same data for samples

with a nominal calcia content of 5.0 mol-°_0. Figure 31 shows these data for

10.0 mol-_/0 calcia content and Figure 22 for the 15.0 mol-_/0 calcia samples.

As a consequence of the volatilization problems with calcia-containing

samples, discussed in Section 6. 3, the data for all the calcia series are

more scattered than the data for series containing other stabilizers.

The decomposition and monotectic temperatures in the yttria-stabilized

systems are given in Figs. 23 through 25, for the 2.5, 5.0, and 10.0 mol-_/0

yttria contents, respectively. Similar data for the 2. 5, 5.0, and 10.0 mol-%

thoria-stabilized series are given in Figs. 26 through 28. The data for the

The term p-tristeric point has been suggested by Marsh (21) to

describe a point where a solidus curve and a solubility curve meet at the

monotectic temperature. In the present case, it represents the composi-

tion with the lowest O/U ratio which can still exist as single phase UO2_ x.

The derivation of the term is given by Marsh.
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ceria-stabilized series for the same compositions are shown in Figs. 29

through 31.

7. Z.Z. Liquidus and Solidus Temperatures

The sensitivity of the infrared detectors utilized for determining the

thermal analysis curves to the emissivity changes accompanying phase

transformations has made it possible to determine the liquidus temperatures

of samples studied in this program. Although not originally considered a

part of this program and of lesser precision, these data are presented in

this section in the interests of obtaining a more complete phase diagram of

substoichiometric UO 2. Solidus temperatures were also measured, when

possible, and are included. As noted earlier, their precision is consider-

ably lower than even that of the liquidus temperatures and in most cases

the solidus has only been dashed in over a short region.

The liquidus and solidus (or monotectic) temperatures of the five

series of samples are given in Tables ZZ through Z6. Where possible,

these temperatures were measured on both the heating and cooling parts

of the cycle and data are presented from both standard and derivative curves.

In a number of cases, the liquidus temperatures could not be determined on

cooling from the derivative curves. In a large number of cases the liquidus

temperature could not be determined from either curve, on heating. Only in

rare instances was it possible to determine the solidus temperature during

the heating portion of the curve. Thus, the solidus temperatures are dis-

torted relative to the liquidus temperatures by not being averaged with a

point determined on the heating cycle. The results are therefore likely to

be low. With this caution, the data have been included in the figures. ;:"

The liquidus and solidus temperatures for the unstabilized U-UO g

system are plotted in Figs. 3Z and 33. The data in Fig. 3Z were obtained

from the standard curve while the data in Fig. 33 were obtained from the

derivative curve. The agreement between the data on the liquidus tempera-

tures in the two figures is quite good, considering the extreme temperatures

involved.

The liquidus and solidus temperatures for the 13 stabilized samples

are plotted in Figs. 34 through 46. The calcia-stabilized series, at Z. 5,

5.0, 10.0, and 15.0 mol-% CaO are shown in Figs. 34 through 37. The

The liquidus data which are plotted in the above figures are taken

from columns 3, 4, 5, and 6 of Tables ZZ through Z6. These are the basic

data obtained from measurement of both the standard and derivative thermal

analysis curves on the heating and cooling cycles. The solidus data are

taken from columns 10, iI, IZ, and 13 of the same tables.
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yttria-, thoria-, and ceria-stabilized series, at 2.5, 5.0, and 10.0 tool-%

of stabilizing oxide are shown in Figs. 38 through 46.

The data presented above are reduced, analyzed, discussed, and

compared with the results of other workers in the following section.

7. 3. Phase Boundaries

The data presented in the tables and curves in the previous section

were reduced by averaging as described in Section 5. 3, and these values

were used to plot the phase boundaries in this section.

7. 3. I. Phase Boundaries in the Unstabilized U-O System

The averaged values of the decomposition, liquidus, and solidus

temperatures for the unstabilized U-UO2 system are plotted in Fig. 47 ":'_

and the best curves have been drawn through the data. These are the

resulting phase boundaries for the binary system. In Figure 48 the decom-

position curve, as determined in the present study, is compared with the

data reported by others. The curve of Edwards and Martin is calculated

from the equation (5)

log X U = 1.404 - 6759/T , (7)

where X u is the m01e fraction of uranium in UO Z and T is the absolute

temperature. The curve of Bates and Daniel (7) is a smooth curve passed

through the points in Fig. 2. The original data reported by GE-NMPO (4)

obtained by equilibration in rhenium capsules are plotted. In addition,

these data are corrected using the ratio of the vapor pressure of uranium,

P , over URe as reported by GE-NMPO (8)to the vapor pressure of pure
U o Z

uranium (p). The factor of p/pO = 30 is assumed to apply over the entire

temperature range of the measurements rather than just at the temperature
O . . .

of measurement (1450 C). This is equlvalent to assumlng that the heat of

formation of URe 2 is not temperature dependent over the range 1350 ° to

1800°C. It is clear, however, that both sets of data from GE-NMPO are in

fair agreement with the data of Edwards and Martin extrapolated to lower

temperatures within the present range of precision of the data. The data

of Bates and Daniel agree with the other equilibrium data at lower tempera-

tures, but diverge from the Edwards and Martin data at higher temperatures.

The data from the present study is widely scattered compared to the equi -

librium data. This is not surprising, however, in view of the steepness of

the decomposition curve. The decomposition curve, as determined by

thermal analysis, crosses the Edwards and Martin curve at about ZZ50°C,

and at lower temperatures differs from the latter byN0,08 units of 0/Uratio.

_"Fig. 47 is provided in foldout form to facilitate comparison of the

stabilized systems with the unstabilized U-O system.
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The liquidus temperatures of the binary U-UO 2 system are shown in

Fig. 49. The straight line data were calculated from the equation given by

GE-NMPO (Z2), while the five points of Bates and Daniel (7) are indicated by

circles. The present study has determined the liquidusdata shown as tri-

angles and a smooth curve has been drawn through the data. '"

There is good agreement between the data of Bates and Daniel and

GE-NMPO. The problem that arises in accepting their data as the liquidus

curve is float it is very difficult to extrapolate their reported curves to the

monotectic temperature at anywhere near the monotectic composition.

This is true whether one assumes the monotectic temperature Z470°C, as

reported by Edwards and Martin (6) or the value of 2550°C, as determined

in this study. The data of both investigators appear to extrapolate to the

monotectic temperature at the p-tristeric point at _UOI. 60"

Bates and Daniel carried out their studies in "V-shaped" filament

strip and were, therefore, subject to similar changes in O/U ratio, as

were observed in the present study. The investigators at GE-NMPO used

closed (welded) crucibles with black-body wells. Under these circumstances,

however, it may be difficult to distinguish the liquidus from the solidus tem-

perature. The situation clearly has not been fully resolved.

7. 3. Z. Phase Boundaries in the Calcia-stabilized U-O System

The averaged values of the liquidus, solidus, and decomposition

temperatures for calcia-stabilized U-O samples containing nominally Z. 5,

5.0, 10.0, and 15.0 mol-a/0 calcia are plotted in Figs. 50, 51, 5Z, and 53,

respectively. The best curves are drawn through the liquidus and decom-

position data, giving added weight to those points which are averages of

heating and cooling determinations. Heating or cooling points are shown

on the plots when an average value is not available.

The data in the calcia systems are widely scattered as a result of the

varying calcia contents which resulted from vaporization of the samples.

In fact, the series initially containing 15 tool-a/0 calcia (final content

_l I tool-a/0) yielded no data on the decomposition or liquidus temperatures

on the heating part of the cycle. All the data in Fig. 53 are from cooling

curves. The phase boundaries shown by the dotted lines are therefore low.

The other calcia series yielded good data on the liquidus temperatures, but

the decomposition temperatures were difficult to determine. The estimated

monotectic temperature in Fig. 50 may be somewhat low. The data clearly

indicate a depression of about I00 plus degrees in the liquidus ten_peratures.

This behavior has also been observed by NMPO (13).

Only the averages of heating and cooling curves are shown in this

figure.
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The data on the 15.0 mol-% calcia series show sufficient scatter to

obviate any gains to be realized from having data over a wider range of

CaO content. The monotectic temperature is estimated to be 2380 ° ±100°C

and the p-tristeric point at O/U = 1.63 ±0.05 for the series containing

Z. 5 tool-% calcia. It was not possible to estimate these data for the other

calcia series.

7. 3. 3. Phase-Boundaries in the Yttria-stabilized U-O System

The averaged values for liquidus, solidus, and decomposition tem-

peratures for yttria-stabilized uranium-oxygen samples with 2.5, 5.0, and

10.0 tool-% yttria are plotted in Figs. 54, 55, and 56, respectively. The

best curves are drawn through the data for the liquidus and decomposition

temperatures, yielding the phase boundaries shown in the respective figures.

Once again it should be noted that the decomposition temperatures are deter-

mined, on heating, for only a very few samples.

The solidus temperatures are utilized only as an aid in determining

the monotectic temperature and the p-tristeric point. This point is esti-

mated to be 1.65 ±0.08 in a11three systems. The data in Figs. 54 through

56 indicate a somewhat smaller range of O/U ratio, but the analytical

errors discussed in Sections 6. 2 and 6. 3 impose the error listed above.

The monotectic temperature is estimated to be Z400 ° ±60°C for a11three

systems. Once again the liquidus temperatures appear to be depressed by

NI00°C relative to the unstabilized system.

The decomposition temperatures agree with those of the unstabilized

U-UO Z system within the estimated composition error of ±0.04 in O/Uratio.

7. 3.4. Phase Boundaries in the Thoria-stabilized U-O System

In both thoria- and ceria-stabilized systems, it was easier to obtain

data on the decomposition temperatures. This is shown by the fact that it

was possible to determine the decomposition temperature on heating for

most of the compositions in these two series.

The phase boundaries for the thoria-stabilized series are shown in

Figs. 57, 58, and 59 for the 2.5, 5.0, and I0.0 tool-% thoria series,

respectively. The improvement in the determinations of the decomposition

temperatures in the thoria-stabilized series was not accompanied by an

analogous improvement in the solidus temperatures. Thus, they are used

again only as guidelines.

The decomposition temperatures of samples with all three thoria

contents are in agreement within the estimated error in O/U ratio, and

the three series are, in turn, in agreement with the unstabilized U-O system.
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The monotectic temperature is estimated to be 2380 ±80°C, and the

p-tristeric point between 1.60 and i. 70. The liquidus curves for the 2.5

and 5.0 mol-_/0 thoria series are somewhat lower than the liquidus of the

unstabilized system at low O/U ratios, but equalto or higher than the U-O

system at UOz. 0. In the i0 mol-_0 thoria series, at the higher O/U ratios;

to exceed that of the unstabilized system.

7. 3. 5. Phase Boundaries in the Ceria-Stabalized U-O

Sy stem

The averaged values for the liquidus, solidus, and decomposition

temperatures for the ceria-stabilized samples are plotted in Fig. 60, 61,

and 62 for the Z. 5, 5.0, and I0.0 rnol-_0 ceria samples. Once again it was

possible to determine the decomposition temperatures on the heating cycle

for most of the samples.

The best curves have been drawn through the data for the liquidus and

decomposition temperatures, and the solidus points have been used to help

estimate the monotectic temperature as 2360 ±100°C and the p-tristeric

point between 1.60 and 1.70, for all three series.

The decomposition temperatures for all three series are in agree-

ment with each other within the estimated errors in O/U ratio, and in turn

are in agreement with the unstabilized U-O system.

As in the calcia and yttria series, the liquidus temperatures appear

to be depressed by 100°C or more.

The data presented for the five systems investigated are summarized

in Section 8.
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8. DISCUSSION AND CONCLUSIONS

The phase boundaries shown in Figs. 47 through 6Z of Section 7

indicate that within the experimental error, the decomposition temperatures

of hypostoichiometric UO 2 are unaffected by the addition of CaO, YzO3,

ThO 2, and CeO 2. This is demonstrated in the following paragraphs.

If an error of ±0.04 in the O/U ratio is assigned to the decomposition

curve for the unstabilized U-UO Z system shown in Fig. 47, and a similar

error is assigned to the liquidus temperatures, then these two phase bound-

aries, as determined by this study, can be represented by the bands shown

in Fig. 63.

Assignment of compositional errors of ±0.04 in the O/U ratio, as

discussed for the additive oxides in Section 6.2, yields similar "bands"

representing the decomposition temperatures for the stabilized series

containing CeO 2 and ThO 2. The scatter of the data in the yttria-stabilized

series yields a somewhat wider band while the large deviations in compo-

sition in the calcia-containing series produce an even wider band. The

probable phase boundary limits are shown for the calcia, yttria, thoria,

and ceria systems in Figs. 64 through 67, respectively. It should be noted

that these bands encompass the probable ranges of the phase boundaries for

all compositions (2.5, 5.0, and 10.0 mol-_/0) in each series. That is, the

phase boundaries are not concentration dependent.

Since the addition of the various stabilizing oxides did not affect the

decomposition temperature of UO2_ x, within the experimental error, it is

clear that there can be no dependence on the oxidation state of the stabilizer.

The decomposition bands in Figs. 64 through 67 can be reasonably well

superimposed, indicating no measurable difference between the behavior

of the various stabilizers.

The principal effect of the oxide additions is depression of the liquidus

and monotectic temperatures of hypostoichiometric UO 2. This is primarily

true for calcia additions and secondarily for yttria additions. Thoria may

increase the temperature of the liquidus curve slightly, but any effect is

certainly within the experimental error. Within experimental error, ceria
has no effect.

The detection of the polymorphic and solid _-_ liquid phase transitions

of uranium metal had added confirmatory evidence for the disproportionation

of hypostoichiometric UO 2 into U (liquid) plu s UO2.0 (solid). Since these

;:"Reduction of CeO 2 to Ce203 is possible, but this resultant calculated

change in the O/U ratios is within experimental erro:
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phase transitions of uranium are isothermal reactions, they are readily

detected by infrared thermal analysis, even though the enthalpy changes

associated with the processes are small. On the other hand,-the study of

a nonisothermal precipitation reaction (basically a solubility) over a range

of _lO00°C is more difficult and is probably better suited to equilibrium

techniques.

The two final conclusions relate to the practical problem of the use

of UO Z as a high-temperature nuclear fuel. First, on the basis of the

results of this study, the decrease in the amount of precipitated uranium

metal observed in stabilized substoichiometric samples of UO Z cannot be

attributed to a shift in the location of the phase boundary between the single-

phase region, UOZ_x, and the two-phase region U (liquid) plus UOz. 0 (solid).

Finally, the use of calcia (and possibly yttria) as a stabilizer for UO Z may

substitute problems associated with the loss of the stabilizing oxide from

the fuel by volatilization. Ceria and thoria do not present a volatilization

problem.



9. RECOMMENDATIONS

A large body of data on the effectiveness of the various oxides as

stabilizers for UO 2 has been compiled by the GE-NMPO(4, 23, 18, 13, 24,

and 25). Restricting the discussion to the four oxides studied in this inves-

tigation, a table can be compiled which summarizes the important Droperties

of these materials on the basis of the GE-NMPO results and the present work.

These properties are given in Table 27.

Table 27

PROPERTIES AND EFFECTIVENESS OF SEVERAL

STABILIZING OXIDES

Oxide

CaO

Y203

ThO 2

CeO 2

Re duc e s

Precipitation

of U Metal a

Yes

Yes

No

Yes

Reduce s

Fuel Loss by
Volatilization a

No

Yes

Yes

Yes

Re duc e s

Melting

Point of UO 2 b

Yes

Yes

No

No effect

Additive

Oxide

Volatilize s b

Yes

Slightly

No

No

a

--Compiled from the NMPO references listed above.

bThis study, and in some instances confirmed by GE-NMPO.

While thoria has excellent properties with regard to fuel and additive

volatilization and melting point, the GE-NMPO data indicate that it is ineffective

in reducing uranium precipitation. A major problem is thus left unsolved

and thoria alone is, therefore, unsatisfactory. Calcia and yttria both

present the problems associated with the volatilization of the stabilizer and

reduction of the melting point of UO 2. In addition, calcia enhances fuel

loss. Certainly calcia and possibly yttria are, therefore, unsatisfactory.

Ceria, on the other hand, exhibits beneficial effects in all four of the prop-

erties listed on the basis of data presently available. The stabilizing ability

of ceria should be investigated further. Other tetravalent oxides (thoria,

zirconia, and hafnia) do not appear to reduce the precipitation of uranium

metal, probably because they cannot reduce the oxygen deficiency of the
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hypostoichiometric oxide by valence compensation as can trivalent and
bivalent oxides. Ceria, as is well known, can be easily reduced to the plus
three state, and it is likely that this property distinguishes it from the other
tetravalent oxides in its ability to stabilize by valence compensation.
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Appendix A

The calibration curves for the two quartz and two pyrex windows

which were used in the present study are given in Figs. A. 1 to A. 4.

These windows were calibrated by standard procedures which measured

the absorptions of the windows as a function of temperature by determining

the decrease in observed temperature of a tungsten filament. The pyrometer

mirror was calibrated by a similar procedure and the data are given in

Fig. A. 5.

The brightness pyrometer was calibrated by standard procedures in

the Calibration Section of the General Atomic Standards Laboratory. The

data obtained in the two calibrations are given in Figs. A. 6 and A. 7.
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Appendix B

ANALYTICAL PROCEDURES

The detailed analytical procedures used for the analysis of samples

for oxygen, the metals, and carbon are described below.

B. 1 THE DETERMINATION OF OXYGEN IN UOz-M;_Oy SYSTEMS

An inert gas fusion-gravimetric procedure was used for the deter-

mination of oxygen in the metal oxides. This procedure was basically that

described by Holt and Stoessel(26), which depends on the reduction of the

oxide by carbon with the formation of CO which is converted to CO 2 and

de te rmined gravimetric ally.

A sample of the oxide was heated in a covered graphite crucible to

reduce the oxide and liberate carbon monoxide. The carbon monoxide was

swept by a stream of helium through a furnace tube packed with hot copper

oxide where it was oxidized to carbon dioxide. The carbon dioxide was

absorbed on ascarite and weighed.

B. 2 THE DETERMINATION OF CARBON IN UO2-MxO ¥ SYSTEMS

Carbon was determined in the metal oxides using a Low Carbon

Analyzer. This instrument determines carbon by converting it quantita-

tively to CO 2, which is determined chromatographically.

The samples were weighed in a silica crucible along with a gram of

tin metal. The crucible was placed in an induction furnace where the tin was

was ignited and burned in a stream of oxygen. The carbon dioxide was

collected in a molecular sieve trap. After the ignition was completed, the

molecular sieve was heated to release the carbon dioxide which was then

measured with a gas chromatograph.
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B. 3 THE DETERMINATION OF URANIUM AND ADDITIVE ELEMENTS

IN THE SYSTEM UO2-MxO y

An x-ray spectrographic procedure was used for the analysis of the

oxide systems: UO2-ThO2, UO2-Y203, UO2-CeO Z, and UO2-CaO with

varying oxygen contents.

Sarrzples of these materials were fused in sodium tetraborate and

cast into beads. After cooling, the beads were polished to give a flat

surface. The polished beads were then analyzed by x-ray spectroscopy.

The intensities of the appropriate uranium and additive element lines were

measured and compared with those of standard beads prepared by fusing

known amounts of the oxides of uranium and the additive in sodium tetra-

borate. These standard beads served as permanent standards.

The spectrographic parameters are given in Table B.I.

Table B. I

SPECTROGRAPHIC PARAMETERS

Element

U

Th

Y

Ce

Ca

Analytical

Line

L

L

K

L

K

Wavelength

0.91053

O.95598

0.83019

2.56116

3. 35936

Diffraction

Crystal

LiF

LiF

LiF

LiF

LiF

Detector

NaI(TI ) scintillation c ounte r -

air atmosphere

NaI(TI) scintillation counter -

air atmosphere

NaI(TI) scintillation counter -

air atmosphere

Gas flow proportional counter -

helium atmosphe re

Gas flow proportional counter -

helium atmosphere
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APPENDIX C

DERIVATIVE CURVE

Decomposltlon temperature

Monotectie aml solidus temperature

Liquidus temperature

Heat iag

A

STANDARD C[_TE
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Decomposition temperature

Monotectic and solidus temperature

Liquidus temperature

Derivative curve average only

Standard curve average only

Average of standard and derivative

AVERAGES

Decomposition

,,Temperature
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or Solidus

Temperature
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